Background
==========

Hand, foot and mouth disease (HFMD) is characterized by brief febrile episodes and characteristic skin rash, with or without oral ulcers in children. Over the last decades, many outbreaks of HFMD were reported in the Asia Pacific region, especially in areas with dense populations such as Taiwan, Japan, Malaysia, Singapore, Vietnam, Australia, South Korea, and mainland China.

In mainland China, HFMD emerged as an important public health problem, and was already classified as a category C Notifiable Infectious Disease by the Ministry of Health in China on 2 May 2008. The outbreak was mainly caused by CoxA16 and/or EV71 infection \[[@B1]-[@B3]\]. Compared to CoxA16, infections with EV71 appeared severe, leading to more serious complications and fatalities \[[@B4]\].

In humans, the major protective mechanism against EV71 and CoxA16 is cell-mediated immunity \[[@B5]-[@B8]\]. Humoral immunity with neutralizing antibodies is also crucial for protection against EV71 and CoxA16 infection \[[@B9]-[@B11]\]. Currently, immunogenicity in maternal serum and the pattern of immune responses against HFMD has not been well studied in mainland China. In addition, only a few studies on HEV71 infection have been conducted in Singapore \[[@B12]\], Germany \[[@B13]\], Vietnam \[[@B14]\], Taiwan \[[@B15]\], Brazil \[[@B16]\] and Japan \[[@B17]\]. With regards to the distribution of immunogenicity against infection with CoxA16, further study is required.

To provide fundamental data for the establishment of an immunization program against infection with EV71 and CoxA16 in China, local seroepidemiological studies are indispensable. To investigate the seroepidemiology of infection with EV71 or CoxA16 in Jiangsu province, China, we conducted a cross-sectional study. Trans-placental antibodies from prenatal women and antibodies from their neonates were collected and analyzed to identify the age-specific seroprevalence rate of natural infections with EV71 and CoxA16 in infants/children between 0 months and 15 years of age. All serum samples were collected in August 2010 from two towns in Ganyu County and two towns in Donghai County, both in LianYun Gang City, Jiang Su Province, East China.

Results
=======

Titers of neutralizing antibodies to EV71 and CoxA16 by age group
-----------------------------------------------------------------

The levels of neutralizing antibodies against EV71 and CoxA16 in prenatal women and their neonates were almost equally distributed. The titers against EV71 and CoxA16 decreased with age in infants aged from 1 to 9 months, while the titers increased with age in children aged from 1 to 3 years, and then reached a peak level in children at the age of 4 years. The titer level showed a decrease in children aged 5 years, 6 to 10 years and 11 to 15 years (Figure [1](#F1){ref-type="fig"}). In addition, from the 264 individuals with positive neutralizing antibodies against EV71 and 197 with antibodies against CoxA16, 62.3% (165/264) and 11.2% (22/197) of children aged from 1 year to 15 years demonstrated higher titers of antibody against EV71, and the titers of antibodies against CoxA16 were equal to or higher than 1:128.

![**Reverse cumulative distribution curves of neutralizing antibody titers in seropositive individuals by age group.** (**A**, **B** and **C**) The percentages of subjects with EV71 neutralizing antibody titers by age group are shown. (**D**, **E** and **F**) The percentages of subjects with CoxA16 neutralizing antibody titers by age group are shown.](1743-422X-9-248-1){#F1}

Seroprevalence rates and geometric mean titers of anti-EV71 and anti-CoxA16 in pairs of blood samples from prenatal women and neonates
--------------------------------------------------------------------------------------------------------------------------------------

The seroprevalence rates of anti-EV71 neutralizing antibodies in prenatal women and their neonates were 80.0% (32/40) and 75.0% (30/40), respectively. There was no statistically significant difference with regards to seroprevalence rates of anti-EV71 antibodies between prenatal women and their neonates (*p* = 0.688, by McNemar test). The geometric mean titers (GMT) of anti-EV71 antibodies in prenatal women and their neonates were 18.7 (95%CI: 12.9-27.1) and 20.0 (95%CI: 12.8-31.4), respectively. Again, there was no statistically significant difference between the two means (Paired-samples test = 0.408, df = 39; *p* = 0.685). In addition, there was a correlation between anti-EV71 antibody titers in neonates and anti-EV7 antibody titers in their mothers (r = 0.67, *p* \< 0.01).

The seroprevalence rates of anti-CoxA16 neutralizing antibodies in these prenatal women and their neonates were 12.5% (5/40) and 10.0% (4/40), respectively. No statistically significant difference in seroprevalence rates of anti-CoxA16 antibodies was observed between these two groups (*p* = 1.000, by McNemar test). Furthermore, the GMTs of anti-CoxA16 antibodies were 4.5 (95%CI: 4.0-5.1) in prenatal women and 4.6 (95%CI: 4.0-5.3) in their neonates. There was no statistically significant difference between these two mean values (Paired-samples test = 0.298; df = 39; *p* = 0.767). The titers of anti-CoxA16 antibody in neonates correlated with the titers of anti-CoxA16 antibodies in their mothers (r = 0.56, *p* \< 0.01), (Table [1](#T1){ref-type="table"}).

###### 

Relationship of anti-EV71/anti-CoxA16 antibodies in pairs of blood samples collected from prenatal women and their neonates

  **Neutralizing antibody titers of neonates**   **Neutralizing antibody titers of prenatal women**   **Total titers**   
  ---------------------------------------------- ---------------------------------------------------- ------------------ -----------
  **anti-EV71**                                                                                                          
                                                 \<1:8                                                ≥1:8                
  \<1:8                                          6(15.0)                                              4(10.0)            10(25.0)
  ≥1:8                                           2(5.0)                                               28(70.0)           30(75.0)
  Total                                          8(20.0)                                              32(80.0)           40(100.0)
  **anti-CoxA16**                                                                                                        
  \<1:8                                          33(82.5)                                             3(7.5)             36(90.0)
  ≥1:8                                           2(5.0)                                               2(5.0)             4(10.0)
  Total                                          35(87.5)                                             5(12.5)            40(100.0)

Seroprevalence rates and GMTs of anti-EV71/anti-CoxA16 by age group
-------------------------------------------------------------------

The seroprevalence rates of anti-EV71 antibodies showed a gradual decrease in infants aged 0 to 6 months old, ranging from 75.0% to 6.7%. There was a significant drop in seroprevalence rates in infants aged 0 to 6 months old (*p* = 0.000). The seroprevalence rates were relatively low (5.0--10.0%) in infants aged from 7 month to 9--11 months old. No statistically significant difference in seroprevalence rate was shown in this age group (*p* = 0.697). The seroprevalence rates showed a gradual rise from 22.5% in children aged 1 year old to 87.5% in children aged 4 years old, and thereafter reached a plateau in over 80.0% of children older than five years of age (Figure [2A](#F2){ref-type="fig"}).

![**Seroprevalence rates of neutralizing antibodies and geometric mean titers (GMT) by age group.** (**A**) Seroprevalence rates of neutralizing antibodies and GMT of EV71 by age group. (**B**) Seroprevalence rates of neutralizing antibodies and GMT of CoxA16 by age group.](1743-422X-9-248-2){#F2}

The seroprevalence rate of anti-CoxA16 antibody was low in infants younger than 6 months of age (0.0--13.3%), compared with those of anti-EV71 antibodies. The mean seroprevalence rate was 17.5% in infants aged from 7 to 11 months old. There were no statistically significant differences in seroprevalence rates either in infants aged 0 to 6 months old (*p* = 0.053) or in infants aged 7 to 11 months old (*p* = 0.841). The seroprevalence rates of anti-CoxA16 antibodies gradually increased from 45.0% in children aged 1 year old to 70.0% in children aged 4 years old, and then was greater than 60.0% in children aged 5 years and 6 to 10 years old. It declined to 43.8% in children aged 11 to 15 years old. Together, the seroprevalence rate of anti-CoxA16 antibody demonstrated a similar pattern to anti-EV71 antibodies (Figure [2B](#F2){ref-type="fig"}). The GMTs of anti-EV71 antibodies decreased from neonates to infants at the age of 6 months (from 20.0 to 4.4), and then remained at a low but relatively steady state in infants aged 7 to 11 months old. The GMTs of anti-CoxA16 antibody were lower than for anti-EV71 antibodies and maintained a relatively stable level in neonates to infants aged 9 to 11 months old. The GMTs of anti-EV71 and anti-CoxA16 antibodies both gradually increased in children aged from 1 year to 4 years old, reached their peak levels in children aged 4 years old, and then declined (Figure [2](#F2){ref-type="fig"}).

If we consider the individuals aged 0 to 6 months old, 7 to 11 months old, 1 to 3 years old and 4 to 5 years old altogether, the pooled seroprevalence rates of anti-EV71 and anti-CoxA16 antibodies were 34.3% (233/680, 95%CI:30.7-38.0) and 24.6% (167/680, 95%CI:21.4-28.0), respectively. The seroprevalence rates and GMTs of anti-EV71 and anti-CoxA16 antibodies were relatively low in infants aged 0 to 11 months old compared with the other two age groups. The seroprevalence rates of anti-EV71 and anti-CoxA16 antibodies in children aged 4 to 5 years old were both significantly higher than those observed in children aged 1 to 3 years old (*p \<* 0.05). The GMTs of anti-EV71 and anti-CoxA16 antibodies in children aged 4 to 5 years old were higher than those in children aged 1 to 3 years old, but the GMTs of anti-CoxA16 antibodies showed no statistically significant difference between children aged 1 to 3 years old and children aged 4 to 5 years old (*p* \> 0.05) (Table [2](#T2){ref-type="table"}).

###### 

Seroprevalence rates and GMTs of EV71 and CoxA16 neutralizing antibodies among age groups

  **Neutralizing antibody**   **0--6-month-old**                 **7--11-month-old**   **1--3-year-old**
  --------------------------- ---------------------------------- --------------------- -------------------
  **EV71**                    **Seroprevalence rates (95%CI)**                         
  27.8                        7.5                                47.5                  83.8
  (23.2-37.8)                 (3.5-13.8)                         (38.3-56.8)           (73.9-91.1)
  **GMTs (95%CI)**                                                                     
  6.8                         4.5                                30.2                  105.8
  (6.1-7.6)                   (4.1-5.1)                          (19.8-46.0)           (68.2-164.2)
  **CoxA16**                  **Seroprevalence rates (95%CI)**                         
  8.9                         17.5                               50.8                  66.3
  (6.2-12.3)                  (11.2-25.5)                        (41.6-60.0)           (54.8-76.4)
  **GMTs (95%CI)**                                                                     
  4.6                         5.9                                12.6                  16.6
  (4.4-4.8)                   (5.0-7.0)                          (9.9-15.9)            (12.4-22.1)

Age-dependent immunity to HFMD
------------------------------

The seroprevalence rates of neutralizing antibodies against both EV71 and CoxA16 were relatively low in neonates to infants aged 9--11 months old (0.0--10.0%), and gradually increased in children aged from 1 years old to 4 years old. Immunity against EV71 and CoxA16 was relatively higher in children aged 4 to 10 years old (52.5--62.5%), nonetheless, it declined to 35.0% in children aged 11 to 15 years old. The seroprevalence rates against either EV71 or CoxA16 decreased gradually in neonates and infants at the age of 6 months (from 65.0% to 8.3%), and the individual (either EV71 or CoxA16) age-specific seroprevalence rates became steady in more than 30.0% of children aged 1 to 15 years old. The seroprevalence rates against neither EV71 nor CoxA16 increased in neonates to infants aged 1--6 months old, but reached a peak value (90.0%) in infants at the age of 6 months, and then gradually declined with age, the rates ranged between 32.5% and 77.5% in children aged from 7 months to 2 years old, and then decreased to 2.5% and 11.3% in children aged from 3 years to 15 years old (Figure [3](#F3){ref-type="fig"}).

![Age-specific fractions of individuals revealing complete, partial, or no immunity to EV71/CoxA16 infections.](1743-422X-9-248-3){#F3}

Discussion
==========

This study describes maternally-derived and age-specific seroprevalence of anti-EV71 and anti-CoxA16 neutralizing antibodies in infants/children aged from neonates to 15 years old. Retrospective seroepidemiology indicated a geographical difference in EV71 and CoxA16 infection \[[@B18]\]. The results of this study revealed that EV71 infections occurred more frequently than CoxA16 infections in children over 2 years of age in China.

In mice, trans-placental transfer of maternal antibodies following maternal immunization against EV71 protected newborn mice against lethal infection \[[@B19]\]. In humans, the presence of maternal anti-EV71 antibodies was also demonstrated in neonates, and the seroprevalence rates and antibody titers of both antibodies demonstrated some correlation with those in their mothers \[[@B15]\]. Our data also suggest a similar correlation with maternal anti-EV71 antibodies. Unfortunately, the data obtained from studies focused on anti-CoxA16 seemed to be very rare. A cohort study in mainland China revealed a pattern of age-related decline of anti-CoxA16 antibody levels, similar to that of anti-EV71 antibody levels \[[@B20]\]. In addition, the titers and GMTs against EV71 and CoxA16 were almost equally distributed. It has been suggested that if mothers show higher levels of anti-EV71 and/or anti-CoxA16 antibodies, the antibody titers transferred vertically from mothers to their infants are also higher.

Previous reports showed that 23.7% of HFMD patients showed anti-EV71 antibody titers ≥1:128, whereas none of the healthy children showed such titers \[[@B8]\]. A recent prospective cohort study showed that 29% of EV71 infections were asymptomatic \[[@B21]\]. To our surprise, our study found that 62.3% of children aged over 1 year old later developed anti-EV71 antibody titers ≥1:128, although none of these children were confirmed with a clinical diagnosis of HFMD at a hospital or health care provider. This implies that clinically silent or almost silent disease is the most common manifestation of EV71 infection in infants and children in China.

Our data shows that only 11.2% of children aged more than 1 year old had anti-CoxA16 antibody titers ≥1:128. This observation reflects the absence of exposure to CoxA16. A lower seroprevalence rate of anti-CoxA16 compared to anti-EV71 antibodies in children aged 2 to 15 years is also supportive of our previous observation.

This study and several seroepidemiological studies in humans have revealed that the seroprevalence rates of anti-EV71 antibodies increased with age \[[@B11],[@B22],[@B23]\]. Our study not only provided data supportive of age-related seroprevalence of EV71 infection, but also suggested a similar age-related seroprevalence of CoxA16 infection. The seroprevalence rates of EV71 and/or CoxA16 were relatively low in children aged 4 to 11 months of age. In 70.2% (337/480) infants aged from neonate to 9 to 11 months of age there were no antibodies against either EV71 or CoxA16; thus, the high incidence of infection in younger age groups is attributable to the lack of protective antibodies \[[@B12],[@B23]-[@B26]\]. A cross-sectional study in Singapore also indicated that the infection was mostly acquired in pre-school years, with an annual infection rate of 12% \[[@B10]\]. In our study, most children aged 2 to 5 years old received pre-school education in kindergartens, and demonstrated higher seroprevalence rates of EV71 and CoxA16, and this finding was supported by the highest incidence of HFMD in preschool years below 5 years of age \[[@B27]\]. Hence, strengthening health improvement measures in kindergartens is required to effectively control infection. Furthermore, the GMTs and neutralizing titers reached peak levels in children aged 4 years old, and thereafter gradually declined with age, but were still relatively high, indicating reinfection with the same strain was rare and that neutralizing antibody titers were higher at early stages of natural infection. This is consistent with previous studies \[[@B8],[@B13]\]. Our data also demonstrated that the population immunity against EV71 and CoxA16 was relatively high in children aged 4 to 10 years old (52.5--62.5%), suggesting that EV71 and CoxA16 infections are highly prevalent in this age group.

Based on historical experiences with poliovirus vaccines and several EV71 vaccine candidates that were evaluated in animals \[[@B28]\], several phase I clinical trials to test EV71 vaccine candidates were conducted in Singapore \[[@B29]\], Taiwan \[[@B30]\] and mainland China \[[@B31]-[@B36]\]. Some Phase II clinical trials for EV71 vaccine candidates have also been conducted in mainland China \[[@B37]\] between 2010--2011. The inactivated whole-virus vaccine candidates may be available for clinical use in the next 5 to 10 years \[[@B28]\].

Conclusion
==========

In conclusion, our data demonstrated that the optimal time for vaccination against EV71 should be infantile periods from month 4 to 11. However, if we take into account the higher co-infection rates in mainland China and the probably weak cross-protection of immunity to EV71 with CoxA16 \[[@B38]\], the development of a bivalent vaccine which provides protection against both EV71 and CoxA16 antigens should provide a more global coverage for HFMD.

Methods and materials
=====================

Human subjects and serum samples
--------------------------------

The collected serum samples were analyzed to measure the titers of neutralizing antibody against EV71 and CoxA16 in prenatal women and their neonates at birth (cord blood). A total of 40 pairs of serum samples were collected. To further explore the age-related seroprevalence of neutralizing antibodies against EV71 and CoxA16 in infants and young children, 16 more age groups were selected: 1, 2, 3, 4, 5, 6,7, 8 and 9 to 11 months, as well as 1, 2, 3, 4, 5, 6 to 10 and 11 to 15 years of age, respectively. Serum samples from 400 infants and children at the age of 1, 2, 7, 8, 9 to 11 months and 1, 2, 3, 4, 5 years were collected, with 40 individuals in each of the abovementioned age group. Samples from 240 infants from 3, 4, 5 and 6 months of age were collected, with 60 infants in each of the abovementioned age groups. Samples from 160 children at the age of 6 to 10 and 11 to 15 years were also collected, with 80 children in each of the abovementioned age groups. All 800 serum samples were collected randomly in Ganyu County and Donghai County in August 2010.

Medical history and related clinical data were collected through interviews with the parents/guardians of each infant or child before samples were collected. No subject showed symptoms or signs of HFMD at the time of sample collection. Written informed consent was obtained from each participant or from his or her parent/guardian. The study protocol was approved by the ethics committee of the Jiangsu Provincial Center for Disease Control and Prevention, and the study was conducted in compliance with the principles of the Declaration of Helsinki.

Measurement of EV71 and CoxA16 Neutralizing Antibodies
------------------------------------------------------

In this study, EV71/Fuyang/m01/2008 (C4 genotype) and CoxA16 /G-10 (A genotype) were used to quantify neutralizing antibody levels of anti-EV71 and anti-CoxA16 by micro-neutralization assay. Blood samples were diluted to a ratio of 1:8, and then were inactivated at the temperature of 56°C for 30 minutes. The serum was serially diluted from 1:8 to 1:2048, and was thereafter mixed with 100 TCID~50~ of EV71 and CoxA16 equally. Then serum was added into a 96-micro plate at 37°C for 2 hours, and finally an RD cell suspension (1 × 10^5^ cells/ml) was added. Cell control, serum control, virus control and virus back titration (if the result of backdrop is 32 \~ 320 TCID~50~/well, the test is successful) were included in each plate and incubated in a CO~2~ incubator at 35°C for 7 days. Cytopathogenicity was observed by microscopy to identify titers of neutralizing antibodies, defined as the inhibition of 50% cytopathogenic effect. This method was previously calibrated using reference sera of EV71 and CoxA16, and no cross-reaction was found. Neutralizing antibodies against EV71 and CoxA16 were considered positive, if the dilution was equal to or greater than 1:8 \[[@B15],[@B22],[@B39]\].

Statistical analysis
--------------------

The titers of neutralization antibodies were log-transformed to calculate the GMTs with 95% confidence intervals. The statistical association between these two variables was tested by McNemar test. Paired-samples t-test and Independent-samples t-test were utilized to analyze the difference of GMTs. Chi-square test was used to compare the seroprevalence rates between age groups. All titers below 1:8 were assumed to be 1:4 for calculation. The titers beyond 1:2048 were designated 1:2048. Hypothesis testing was conducted by two-sided tests, with an alpha value set at 0.05 to define statistical significance. All statistical analyses were performed via Microsoft Excel 2007 (Microsoft, Redmond, WA, USA) or Stata version 10.0 (StataCorp, College Station, TX).
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